Of the yeasts that ferment D-glucose anaerobically, over 4076 can use certain glycosides and D-galactose oxidatively, but cannot ferment them. This phenomenon is here called the Kluyver effect. More than half the yeast species described which exhibit this effect do so with more than one substrate. Yeasts showing the effect with maltose, cellobiose and D-galactose were compared with fermenting strains, to determine whether enzyme inactivation or cessation of sugar uptake was responsible. The different responses of the yeasts to anaerobic conditions, with respect to their enzymic activity, sugar uptake and COz production, consistently showed that the Kluyver effect resulted from the requirement of transport for oxygen, and this seems to be the common explanation throughout the yeasts.
Of the yeasts that ferment D-glucose anaerobically, over 4076 can use certain glycosides and D-galactose oxidatively, but cannot ferment them. This phenomenon is here called the Kluyver effect. More than half the yeast species described which exhibit this effect do so with more than one substrate. Yeasts showing the effect with maltose, cellobiose and D-galactose were compared with fermenting strains, to determine whether enzyme inactivation or cessation of sugar uptake was responsible. The different responses of the yeasts to anaerobic conditions, with respect to their enzymic activity, sugar uptake and COz production, consistently showed that the Kluyver effect resulted from the requirement of transport for oxygen, and this seems to be the common explanation throughout the yeasts.
I N T R O D U C T I O N
The first step in the utilization by yeasts of a glycoside is usually either (i) its passage intact across the plasmalemma, or (ii) initial hydrolysis outside the plasmalemma, followed by entry into the cell of some or all of the hydrolytic products. Hence, the inability of a yeast to utilize one of the common oligosaccharides may be attributed either to lack of an appropriate glycosidase or to its inaccessibility to the substrate because of lack of an operational membrane-carrier (for review, see Barnett, 1976) . A well-founded, experimental observation was once considered inconsistent with these generalizations (Leibowitz & Hestrin, 1949 , namely that certain yeasts can utilize particular disaccharides aerobically but not anaerobically, although these yeasts can use one or more of the component hexoses anaerobically. Kluyver & Custers (1940) confirmed earlier reports of this effect, here called the Kluyver effect, and suggested that it is caused by anaerobic inactivation of glycoside hydrolases, but they made no enzymological investigation.
The notion of the Kluyver effect is applied to D-galactose, as well as to glycosides, because the Leloir pathway, by which D-galactose is transformed to D-glucose 6-phosphate (an intermediate of the glycolytic pathway) involves phosphorylation, followed by the action of a transferase and a mutase, and no net oxidation is involved. Hence, there appears to be no reason for the catabolism of D-galactose to differ from D-glucose in its oxygen requirements.
This paper records the first physiological study since that of Kluyver & Custers (1940) of the nature of the Kluyver effect. This effect is widespread and possibly at least as common amongst yeasts as the Pasteur effect. Both effects concern the control of anaerobic utilization of sugars. maltose or cellobiose. Care was taken to use an inoculum and length of incubation which ensured that the final concentration of yeast did not exceed 0.5 mg dry wt ml-l, so that the yeast remained fully aerobic. It was harvested during exponential growth and resuspended in fresh N-base, with or (for carbon-starvation) without added sugar. This suspension, in a 250 ml Buchner flask held in a water bath at 30 "C, was sparged with air or oxygen-free nitrogen. Samples of the suspension (10 ml) were withdrawn at intervals by means of an hypodermic syringe fitted with a cannula and discharged into the chamber of an oxygen electrode.
Oxygen and carbon dioxide electrodes. The oxygen electrode chamber was an enlarged form of that supplied by Rank Brothers (Bottisham, Cambridgeshire), with a total volume of about 20 ml and fitted with a gastight stopper. The electrode (Rank Brothers), of the Clark type, was calibrated as described by Beechey & Ribbons (1972) but, to obtain a reading corresponding to a concentration of oxygen that was approximately zero, a thick suspension of yeast was used in place of dithionite. The oxygen electrode was used to monitor the presence or absence of oxygen, particularly for anaerobic experiments. The carbon dioxide electrode (Radiometer pC0, electrode, E5036/0) was also operated within the chamber. This electrode consisted of a combined glass electrode and Ag/AgCl-NaC1-NaHCO, electrode. It was fitted with an antilogarithmic amplifier and was calibrated and used by the procedures of Nicholls, Shepherd & Garland (1967) . For rapid response times (about 10 s), a silicone-rubber membrane (D606) was used (Nicholls & Garland, 1972) ; it was necessary to soak this in distilled water for at least 12 h before use.
The chamber had four ports, each sealed with a rubber cap, for (i) supplying air or nitrogen gas, (ii) providing an exit for the gas, (iii) sampling by means of an hypodermic syringe and (iv) adding inhibitors. Gas was released within the chamber through a perforated, coiled tube, so it was practicable to change from anaerobic conditions to about 50 % oxygen saturation within 5 s, without a detectable change of p C 0 , .
Measurements of uptake of radioactive sugar. Most of the methods were described by Barnett & Sims (1976) . Samples (2 ml) of yeast suspension were taken from the electrode chamber at timed intervals and filtered quickly (membrane pore size 1.2 pm). The yeast on the membrane was washed with two 1 ml portions of ice-cold 0.1 M-KH,PO, and the membrane and yeast were placed in 15 ml of scintillation fluid in a plastic vial.
D-Galactose transport into T. dattila was studied using the analogue ~-[l-~H]fucose (which this yeast does not catabolize, see also Mortlock, 1976) , as it does not take up ~-[l-l~C]arabinose (cf. Kuo, Christensen & Cirillo, 1970) . Unfortunately, D-fucose did not enter K. fragilis, so comparisons of D-galactose transport into these two yeasts were impracticable.
Measurements of a-glucosidase (EC 3.2.1 .20) and p-glucosidase (EC 3 .2.1.21) activities. The yeasts were made permeable by toluene/water emulsion, stabilized by BRIJ 35 detergent: 0.1 ml of a toluene/BRIJ 35 solution (96 ml EtOH, 4 ml toluene, 1 g BRTJ 35) was added to 1 ml of 0.1 M-sodium phosphate buffer (pH 6.5). Washed yeast (about 0.5 mg dry wt), on a membrane or filter (Whatman GF/C), was added to the emulsion and dispersed with a glass rod. Emulsion and yeast were incubated for 5 min at 30 "C. The assay was initiated by adding 1 ml of p-nitrophenyl-a-D-glucopyranoside or p-nitrophenyl-P-D-glucopyranoside
(1 mg ml-l) and incubated at 30 "C. The reaction was stopped by adding 2 ml of 0.3 % (w/v) ethanolic KOH, the suspensions were centrifuged and absorbances were measured on the supernatant fluid at 410 nm.
Analyses of culture media. Ethanol was estimated as described by Bernt & Gutmann (1974) ; analyses of sugars and organic acids by ion-exchange chromatography were made by the methods of Walborg, Ray & Ohrberg (1969) and LaNoue, Nicklas & Williamson (1970) .
Chemicals. Where possible, the chemicals were of analytical grade and were usually from Sigma or BDH, including D-fucose (6-deoxy-~-galactose), cellobiose (4-O-~-~-glucopyranosyl-~-g~ucopyranose), 2-deoxy-~-glucose (2-deoxy-~-arabino-hexose), p-nitrophenyl-a-D-glucopyranoside and p-nitrophenyl-P-D-glucopyranoside. Polyoxyethylene lauryl ether (BRIJ 35) was obtained from East Anglia Chemicals Ltd, Hadleigh, Ipswich, Suffolk; cycloheximide (actidione) from the Upjohn Company, Kalamazoo, Michigan, U.S.A. ; nystatin (mycostatin) from E. R. Squibb, New York, U.S.A., and Dowex 1-X4 anion exchange resin (200 to 400 mesh) from BieRad. Commercial maltose (4-0-a-D-glucopyranosyl-D-glucopyranose) was purified by synthesizing the octa-acetate, recrystallizing from ethanol and re-forming the monohydrate by the action of methanol on the octa-acetate in the presence of sodium methoxide (Wolfrom & Thompson, 1962) . -
C. entomophila
C. guilliermondii
C. melibiosica Gal, D-galactose; SUC, sucrose; MAL, maltose; CEL, cellobiose; TREY a,a-trehalose; LAC, lactose; MEL, melibiose; MLZ, melezitose; MeG, methyl a-D-glucopyranoside; RAF, raffinose.
Notes. (i) This is a minimal list, as it includes only those species in which all the strains examined show the Kluyver effect with at least one given substrate. There may be species, not listed above, that include strains only some of which show the Kluyver effect for a given sugar. Similarly, the ? symbol above may refer to instances of the Kluyver effect in only some strains of the species.
(ii) The tests used to provide this information were crude and unquantitative (Barnett, 1977) . The results given as + or -should be repeatable; those in doubt have been listed as ?. However, growth rates of, for example, 0-5 or 0.05 generations h-l might both be categorized as + .
(iii) The entry for lactose utilization by Wingea robertsii has been corrected from that given by van der Walt 
R E S U L T S
Of 229 yeast species that ferment D-glucose anaerobically (Barnett, 1976) , all strains of 97 species (43 %) show the Kluyver effect with respect to at least one oligosaccharide or the monosaccharide, D-galactose (Table 1) . This is certainly an underestimate of the ubiquity of the effect, since many cases of intraspecific differences have been omitted. The term 'fermentation' is used here to refer to the anaerobic utilization of sugar with the production of carbon dioxide. Studies on the physiology of the Kluyver effect were confined to three yeasts and three sugars, namely C. utilis (maltose, cellobiose), S. montanus (cellobiose) and T. dattila (a) Trace (i): a 10 ml suspension (0.4 mg dry wt ml-l) of C. utilis, carbon-starved aerobically for 2 h in N-base, was transferred to the electrode chamber and made anaerobic by bubbling with N,. When the output of thepCO, electrode was about -40 mV, the rate of endogenous COz output by the yeast was recorded for about 2 min; air was then admitted for about 5 s ( t ) and the recording was continued. Trace (ii): another 10 ml suspension was treated similarly and the endogenous anaerobic CO, output was recorded; 5 pmol maltose (MAL) was added at about 2 min and 0, was admitted at about 3 min. The yeast was again made anaerobic and further recordings were made of anaerobic and aerobic CO, output.
(b) 10 ml of exponentially growing C. utilis (0.3 mg dry wt ml-l) were filtered, washedand resuspended in N-base and transferred to the electrode chamber. CO, measurements were made as in (a): 5 pmol maltose (MAL) were added and CO, output was recorded under anaerobic and aerobic conditions. These measurements were repeated in the presence of 5 pmol g glucose (Glc). Lower traces, anaerobic incubations; upper traces, aerobic incubations. Rates of endogenous output corresponded to those shown in (a); for convenience the traces are shown with a common timebase.
(c) A 10 ml suspension of S. muntanus (0.4 mg dry wt ml-l), carbon-starved anaerobically in N-base for 4 h, was prepared as in (a). Trace (i) : anaerobic endogenous CO, output was measured for about 1 min and then 5 pmol maltose (MAL) were added. At about 2 min, 5 pmol g glucose (Glc) were added. Trace (ii): as for trace (i), but aerobic and only maltose was added.
(D-galactose). Comparisons were made with yeasts utilizing these substrates anaerobically, namely K. fragilis (D-galactose) and S. montanus (maltose).
ikfedsurernents of carbon dioxide production The rate of endogenous C 0 2 output by maltose-grown C. zitilis was decreased by starving the yeast in air for 2 h, but was little affected by subsequent addition of maltose anaerobically (Fig. 1 a) . However, the CO, output increased immediately after air was added (Fig. 1 a) and this effect was reversible. Adding D-glucose (in the presence or absence of maltose) increased the rate of anaerobic C 0 2 production, but had much less effect under aerobic conditions (Fig. 1 b) . Saccharomyces montanus, which ferments maltose, behaved differently: adding maltose anaerobically caused an immediate and marked increase in COz output (Fig. 1 c) . There was a further difference between C. utilis and S. montanus in their response to maltose after anaerobic carbon-starvation. Only S. montanus increased its anaerobic C 0 2 output progressively, and this was > 50% of the aerobic rate after 4 h starvation. In experiments on the utilization of maltose or cellobiose (see Fig. 2 ), the rate of CO, output by C. utilis, in the presence of the substrate, fell linearly with the time the yeast had been incubated anaerobically. However, when C. utilis was given exogenous D-glucose, the rate of CO, output increased progressively; this increase did not occur when 5 pM-cycloheximide was added at the beginning of the experiment. P-Glucosidase activity was measured during this experiment; the change from aerobic to anaerobic conditions did not lead to any loss of enzymic activity (Fig. 2 b) .
The response of S. montanus to maltose was compared with its response to cellobiose, since S. montanus shows the Kluyver effect for the P-glucoside and not the a-glucoside. The capacity to ferment maltose increased progressively after the culture was made anaerobic (Fig. 3) . With cellobiose, however, the rate of anaerobic CO, output decreased progressively.
The addition of D-galactose anaerobically to anaerobically adapted T. dnttilu, which shows the Kluyver effect with this sugar, gave only a small increase in the rate of CO, production relative to that with K. fragilis, which ferments D-galactose. D-Glucose, on the other hand, gave a progressive increase with both yeasts, particularly marked with T. dattila (Fig. 4a) . The small increase in anaerobic CO, output by T. dattila after adding D-galactose (final concentration 0.5 mM) was completely abolished by 1.5 mM-D-fucose. Addition of nystatin (50 units ml-l) increased the anaerobic COz production with D-galactose. Anaerobic incubation of T. dattila for up to 10 h did not increase its C 0 2 output from D-galactose.
Measurements of uptake of sugars To obtain unequivocal evidence of the involvement of transport in the Kluyver effect, uptake of a non-metabolizable analogue was studied. Results of experiments with T. dattila ( Table 2) were consistent with the transport of ~-[l-~H]fucose by the D-galactose carrier. The rate of uptake of D-fucose was more than 15-fold greater for yeast grown on D-galactose than for yeast grown on D-glucose, and was almost abolished by the presence of equimolar D-galactose. The change from aerobic to anaerobic conditions immediately quartered the rate of transport. This effect was not found for the uptake of 2-deoxy-~-[ l-3H]glucose, which presumably occurred via the D-glucose carrier as with other yeasts (for example, see Barnett & Sims, 1976 ; for review, see Barnett, 1976) .
The strain of T. dattila that was studied was notable for an apparently unusually high affinity for oxygen. The introduction of a few microlitres of air into a suspension that had
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-- mwmaltose. This,suspension (0.3 mg dry wt ml-l) was divided into an aerobic culture (1) and an anaerobic culture (2). After 184 min ( J. ), culture (1) was made anaerobic. Samples were taken from each culture to determine apparent rates of [U-14C]maltose uptake: A, rate of net aerobic maltose uptake in culture (1); A, rate of net anaerobic maltose uptake in culture (2); 0, rate of net anaerobic maltose uptake by sample from culture (1) at 182 min; 0, rate of anaerobic net maltose uptake by sample from culture (1) been anaerobic for 40 min was insufficient to change the reading from the oxygen electrode, but gave an immediate increase in CO, output when D-galactose was the substrate. Consequently, it was difficult to be certain that there were not low concentrations of oxygen, although undetected, that nonetheless affected this yeast. Hence, the value for the rate of anaerobic transport of D-fucose by T. dattila (Table 2 ) may have been overestimated.
With C. utilis, transport of the disaccharide, maltose, also seemed to be greatly inhibited anaerobically. When the yeast was transferred from D-glucose to maltose, the rate of incorporation of 14C increased only in the presence of air (Fig. 5a ). This increase was completely abolished immediately on changing to anaerobic conditions. Incorporation of 14C was linear with time and a change from anaerobic to aerobic conditions gave an immediate linear increase (Fig. 5b) . After 184 min, the aerobic yeast was made anaerobic; rates of transport, both aerobically and anaerobically, were unaffected by this change. Hence, the maltose carrier did not appear to be destroyed under anaerobic conditions.
Measurements of glucosidase activity a-Glucosidase and /3-glucosidase activities were measured in C. utilis and S. montanus. Unlike S. montanus, in C. utilis a-glucosidase was not synthesized when the yeast was made anaerobic before the addition of maltose (Fig. 6) . However, once a-glucosidase activity had appeared, synthesis increased under anaerobic conditions and the enzyme was neither inhibited nor deactivated. The presence of cycloheximide stopped synthesis. Comparable results were obtained for /3-glucosidase with C. utilis (e.g. Fig. 2b) .
Measurements of fermentation products in culture media Anaerobically, excretion of catabolites such as ethanol, succinate and glycerol normally accompanies the loss of CO,. So, when measuring the anaerobic transport. of maltose, other fermentation products were estimated in addition to C02. Only D-glucose-grown C. zrtilis formed appreciable amounts of ethanol initially (Fig. 7) . Fractionation with borate buffer gave only one major peak (99.9 yo of counts), which corresponded with maltose. The only additional peaks were in the regions of ethanol and D-glucose, but these each constituted less than 0.05% of the counts. Chromatography of the medium on Dowex 1 acetate showed that labelled organic acids were absent. These findings substantiate those from measurements of C 0 2 output , confirming that estimates of anaerobic incorporation of [ 14C]maltose corresponded closely with those of uptake. cytochrome-deficient mutants apart, a yeast that uses a sugar anaerobically also uses it aerobically (for review, see Barnett, 1976) .
Since all the yeasts considered in Table 1 can ferment D-glucose, the Kluyver effect must result from the direct or indirect requirement of oxygen for entry of the substrate (Barnett, 1968) , or for the activity of an initial catabolic enzyme (Kluyver & Custers, 1940), namely a hydrolase or an enzyme of the Leloir pathway. Now, using CO, and 0, electrodes, the validity of the effect has been confirmed and its rapidity measured, although in certain cases anaerobic treatment of about 2 h was needed to give maximum rates of fermentation. A single yeast, e.g. S. inontanus, may show the Kluyver effect with only one of two similar substrates, in this case maltose and cellobiose, which are both 4-O-~-glucopyranosyl-~-glucopyranoses.
Measuring C02 production established the rapidity and reversibility of the effects of changes in oxygen concentration. For example, within a few seconds of adding air to C. utilis with maltose, there was a ninefold increase in C 0 2 output, and this was immediately linear (Fig. 1 a, b) . In view of the reversibility, neither the speed nor the kinetics of the response are consistent with observed rates of enzymic deactivation and reactivation in yeasts (for example, see Hemmings & Sims, 1977) . Rather, the measurements of CO, output in response to the presence of various sugars suggest that membrane transport is involved in the Kluyver effect. For example, a decline of anaerobic C 0 2 production by C. utilis occurred with cellobiose, but not with D-glucose (Fig. 2) , and so cannot have resulted from deactivation of any enzyme of the glycolytic pathway. Furthermore, over this period there was no corresponding loss of P-glucosidase activity (Fig. 2b) . Also the rate of anaerobic C 0 2 output by T. dattila with D-galactose declined during anaerobic incubation. This output of CO, was almost certainly from the catabolism of D-galactose, since the output was abolished by adding D-fucose, a non-metabolizable sugar which competes with D-galactose for transport. Nystatin, which makes the plasmalemma generally permeable (BCchet & Wiame, 1965), increased the anaerobic output of C 0 2 by T. dattila from D-galactose. Hence the inaccessibility of D-galactose appeared to limit the rate of C 0 2 production.
A yeast showing the Kluyver effect for a given substrate has greatly decreased transport of that substrate under anaerobic conditions. By using ~-[l-~H]fucose to study the D-galactose carrier in T. dattila, it was found that transport was decreased immediately to about one-quarter of the aerobic rate. This did not apear to apply to the transport of D-glucose, since there was no corresponding reduction in the rate of uptake of 2-deoxy-~-[l-~H]-glucose. Because anaerobic uptake of D-fucose was abolished by the presence of D-galactose (or by growing the yeast on D-glucose), as was aerobic transport, anaerobiosis probably affected the rate of carrier-mediated active transport of both D-fucose and D-galactose in T. dattila
Although there are pitfalls in using metabolizable substrates in transport studies, l4C-labelled maltose has been used to examine transport mutants (Zimmermann, Khan & Eaton, 1973) and energy requirements for transport (Serrano, 1977) in Saccharomyces cerevisiae. When studying the kinetics of maltose transport, Serrano (1977) used periods of incubation of only 15 s, so that uptake by the yeast should be equivalent to loss from the medium. However, work in this laboratory with several yeasts and sugars (e.g. Barnett, 1975) has indicated that little is gained from such short incubations for the following reasons. 
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The results shown in Fig. 5 are also consistent with maltose transport being almost absent in D-glucose-grown C. utilis and developing progressively under aerobic, but not anaerobic, conditions with maltose as sole carbon source. This change was freely reversible : transport of maltose that had developed aerobically was abolished under nitrogen and was restored immediately with a return to aerobic conditions (Fig. 5) . Under nitrogen, there was no apparent synthesis de novo of a-glucosidase, unless the synthesis had first been initiated aerobically. There was no evidence of a-glucosidase inactivation after a change from aerobic to anaerobic conditions, which almost abolished transport : rather, this enzymic activity continued to increase. The failure of C. utilis to initiate a-glucosidase synthesis anaerobically was also consistent with the anaerobic blocking of maltose transport; by contrast, with S. rnontanus, a-glucosidase synthesis was initiated and sustained under anaerobic conditions (Fig. 6 6) .
Failure of transport anaerobically provides a common explanation for all these findings on the Kluyver effect in all the yeasts in which it occurs (cf. Table 1 ) and accounts for (i) the absence of enzyme deactivation and of carrier destruction, (ii) the inability to initiate, yet the ability to sustain de novo synthesis of glucosidase, and (iii) the progressive fall of COz production. If the Kluyver effect is produced with glycosides by a failure of the yeast to transport the glycoside anaerobically, then the effect could not occur with glycosides hydrolysed to liberate D-glucose or D-fructose outside the plasmalemma. Strikingly, the results for raffinose and melibiose in Table 1 generally agree with this proposition. Candida entomophila and Debaryomyces cantarellii are anomalous in showing the Kluyver effect with melibiose (confirmed by D. Yarrow, personal communication, 1977) , so perhaps these yeasts are exceptional in metabolizing melibiose by means of an internal a-galactosidase. Furthermore, the Kluyver effect does not occur with sucrose for species that also utilize raffinose; in such cases, sucrose has been found to be hydrolysed by an external ,8-fructofuranosidase. On the other hand, with raffinose-negative yeasts that use sucrose, it is probably hydrolysed internally to the plasmalemma by an a-glucosidase (see Barnett, 1976 Barnett, , 1977 . Most of these yeasts show the Kluyver effect with sucrose.
The striking individuality within the yeasts in their responses to each glycoside and D-galactose (Table 1) indicates that different electron pathways subserve specific carriers for these sugars. From genetical studies, Zimmermann et al. (1973) arrived at analogous conclusions about the complexity of the transport system for maltose and sucrose in S. cerevisiae.
Note added in proof. Our-attention has been drawn to a paper on the Kluyver effect in Mucor rouxii by A. Flores-Carrebn, E. Reyes and J . Ruiz-Herrera in Journal of General Microbiology (1 969) 59, 13-1 9.
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